To study HIV-1 genetic diversity among HIV-positive men who have sex with men (MSM) in China, a cohort consisting of HIV-positive MSM was established in 2005 and was monitored every 2 years. In 2007, 44 HIVpositive MSM subjects were genotyped, and the results showed HIV-1 subtype B decreased from 77.5% to 41.9%, but non-B subtypes increased rapidly represented by CRF01_AE from 3.7% to 30.2% compared to 2005. In addition, one case of CRF07_BC was first identified in this population, which mainly circulated among HIV-1-infected injection drug users (IDUs) in China. There were 11 unique recombinant forms (URFs) consisting of a recombination of CRF01_AE with subtype B or CRF07_BC. The subtype-specific phylogenic tree analysis showed that the genetic distance within subtype B group viruses was larger than the genetic distance within the CRF01_AE group (p Ͻ 0.001). Of the identified viruses in the Chinese MSM population, over 80% of subtype B viruses might originate from the United States and Brazil, and over 85% of the CRF01_AE viruses might originate from Thailand. In addition, epidemic study data showed that some of the HIV-1-infected MSM had foreign sexual partners (13.6%) and heterosexual activities (43.2%). The patients infected with HIV-1 URF viruses had more heterosexual encounters (54.5%) and more sexual partners (72.7%) compared to those infected with subtype B (44.4%; 33.3%) and CRF01_AE (23.1%; 69.2%) viruses. Taken together, we suspected that the genetic complexity of HIV-1 viruses identified in Chinese MSM populations was more likely a result of multiple introductions of viruses from the general population infected with HIV-1 through IDUs or heterosexual transmission.
Introduction

H
UMAN IMMUNODEFICIENCY VIRUS TYPE 1 (HIV-1) has a high level of genetic variation, which originates from the high mutation and recombination rates of the reverse transcriptase enzyme combined with a high turnover rate. 1, 2 According to the current nomenclature, 9 "pure" genetic subtypes (A-D, F-H, J, and K) and 43 circulating recombinant forms (CRFs), namely CRF01-CRF43, have been identified so far within group M, which accounts for more than 90% of the reported HIV/AIDS cases worldwide. 3 HIV-1 prevalent strains in China were also discovered with increasing complexity. Data from two national molecular epidemic surveys conducted from 1996 to 1998 and 2002 to 2004 indicated that HIV-1 subtypes and CRFs, including A, BЈ, B, C, D, F, G, J, CRF07_BC, CRF08_BC, CRF01_AE, and CRF02_AG, circulated in China. [4] [5] [6] CRF_BC (07BC, 08BC), BЈ, and CRF01_AE are the major forms. At the end of 2007, the total estimated cases of HIV/AIDS were more than 700,000, and the HIV-1-infected people who acquired HIV-1 from the sexual route increased to 57%. The percentage of men who have sex with men (MSM) increased rapidly from 7.3% in 2005 to 12.2% in 2007. 7 Unpublished data predicted that the MSM proportion might reach as high as 15% of HIV infections by 2010. 8 Engagement in high-risk behaviors, such as unprotected sex with multiple male or female partners, has rendered this group one of the most vulnerable to HIV infection in China.
Genetic differences among HIV-1 variants can influence the biological properties of the virus, the susceptibility to an-tiretroviral drugs, as well as vaccine development. Monitoring HIV genetic characteristics and subtyping prevalent isolates in China will provide essential clues for the development of an effective HIV vaccine, treatment regimens, as well as HIV/AIDS prevention and control strategies. 2 We started the molecular epidemiological study on HIV-1 infection among MSM in Beijing in 2005, and our previous study evidenced that the prevalent type of HIV-1 among MSM in Beijing emerged with diversity. Except for HIV-1 subtype B initially reported in 2002, 9 several non-B subtypes and CRFs were also identified. 10 In order to systemically monitor the range of HIV-1 genetic evolution among HIVpositive MSM in Beijing, a cohort's study was conducted starting in 2005. After enrollment, all the subjects were followed up and sampled in 2005 and 2007. The collected blood samples were subjected to sequencing and phylogenic analysis.
Materials and Methods
Study subjects
The cohort consisted of HIV-positive MSM subjects. They were screened for eligibility (age 18 years old or older and Beijing residence). Men who were eligible and willing to participate in the study provided written informed consent and completed a 30-min questionnaire administered by trained interviewers. The questionnaire elicited information about demographic characteristics (age, marital status, education, self-reported sexual orientation, having a Beijing residence card), lifetime history of HIV infection and sexually transmitted diseases (STDs), as well as number of male and female sexual partners lifetime and in the past 3 months. Their sexual experience with foreigners, frequency of anal and vaginal intercourse, condom use during anal and vaginal intercourse, and reasons for inconsistent use in the past 3 months were also investigated. The study was approved by the Committee for Human Research in the National Center for AIDS/STD Control and Prevention, Chinese Center for Disease Control and Prevention.
Sample collection
Whole blood samples, anticoagulated with EDTA, were collected at Chaoyang District Center for AIDS/STD Control and Prevention, Beijing in China from July to September 2007. The plasma was separated no more than 4 h after collection, and stored at Ϫ80°C until further analysis.
HIV-1 RNA extraction, amplification, and sequencing
RNA extraction from plasma was performed using a High Pure Viral Nucleic Acid Kit (Roche, Germany), and HIV-1 cDNA was obtained by reverse transcriptase polymerase chain reaction (RT-PCR) using the TaKaRa One Step RNA PCR kit (TaKaRa Biotechnology Co., Ltd., Dalian, China) at 50°C for 30 min. HIV-1 cDNA was then subjected to nested PCR for amplification of the gag, pol, and env genes. For the gag and pol regions, the first and second rounds of PCR reagents, primer pairs, and thermocycling profiles have been previously described. 10 New primers were used to amplify env fragments: first round: 44F (gp120) forward, 5Ј-ACAGTRCARTGYACACATGG-3Ј (R ϭ A or G, Y ϭ C or T) and 35R (gp120) reverse, 5Ј-CACTTCTCCAATTGTCCITCA-3Ј; and second round: 33F (gp120) forward, 5Ј-CTGTTI-AATGGCAGICTAGC-3Ј and 48R (gp120) reverse, 5Ј-RATGGGAGGRGYATACAT-3Ј (540 bp for the C2 ϳ V3 region of the env region). For the env thermocycling profile, cycling conditions were as follows: the first-round PCR was an initial melting step at 94°C for 2 min, followed by 35 cycles at 94°C for 15 s, 52°C for 45 s, and 72°C for 2 min; the second-round PCR was an initial melting step at 94°C for 2 min, followed by 30 cycles at 94°C for 30 s, 52°C for 30 s, and 72°C for 1.5 min. All reactions were followed by a final extension for 10 min at 72°C. The second round of PCR products was separated by agarose gel electrophoresis and purified using a Qiagen Gel Extraction Kit (QIAGEN Inc., Germany). Purified PCR products were sequenced bidirectionally with fluorescent dye terminators (Prism BigDye terminator cycle sequencing ready reaction kit; Applied Biosystems) and an automated DNA sequencer (Applied Biosystems model 377).
Phylogenetic analysis, subtyping, and genetic distances
The sequences were aligned with reference sequences of HIV-1 strains of all subtypes (http://www.hiv.lanl.gov). Multiple alignments were done automatically by CLUSTAL W 11 with minor manual adjustments. The alignment was edited using the BioEdit program version 5.0.9. 12 The phylogenetic analysis of the aligned sequences was performed by the neighbor-joining method of MEGA version 3.1. 13 To analyze trends in subtype genetic diversity over time, genetic distances were calculated using the Kimura two-parameter model of MEGA version 3.1 and we reconstructed separate phylogenies for subtype B and CRF01_AE sequences, after removing all putative intersubtype recombinants. These phylogenies were used to calculate the divergence from a single root node for each sequence. For the subtype B phylogeny, the root was the node connecting the one subtype B reference to the B tree. For the subtype CRF01_AE phylogeny, the root was that node connecting the one subtype CRF01_AE reference to the CRF01_AE tree. The reliability of the branching patterns was evaluated by bootstrapping (1000 replicates).
Statistical analysis
All statistical calculations were done using the Prism program version 5.00 (GraphPad, San Diego, CA). Statistical significance was defined as a p value of Ͻ0.05.
Results
Characteristics of the cohort of HIV-positive MSM
The molecular epidemic evolution of HIV-1 was monitored every 2 years. The study population of HIV-positive MSM was firstly recruited in 2005 (n ϭ 54), and 10 subjects consecutively enrolled in 2007. Together with 34 newly identified HIV-positive MSM, the final cohort consisted of 44 subjects. Their major demographic characteristics are shown in Table 1 . The average age of the study population was 30.0 Ϯ 8.0 years old (ranging from 19 to 56 years), and the median of HIV-infected time was 8 months (ranging from 0.5 to 144 months). According to their self-report, 34.1% were bisexual/heterosexual, 43.2% had heterosexual intercourse in their lifetime, and 20.5% had married women. More than 50% of the subjects (54.5%) had 11 or more male sexual partners and 11.4% had participated in group sex in their lifetime. Out of the 44 respondents, 6 (13.6%) had sex with foreigners from the United States, Australia, India, or Europe (England, Germany, the Netherlands, Italy, Romania, and Belgium). Study results of sexual behavior showed that 43.2% of MSM engaged in both insertive and receptive anal intercourse, and the others preferred insertive (25.0%) or receptive (31.8%) anal intercourse.
Subtyping and phylogenetic analysis
The partial genes of HIV-1 gag (671 bp, encoding a portion of p24 and p17), env (540 bp of the C2 ϳ V3 region), and pol (1315 bp, encoding the protease gene and part of the reverse transcriptase gene region) were amplified with different successful percentage (gag, 100%; env, 93.2%; and pol, 81.8%). The corresponding subtypes of gag, env, and pol were determined by phylogenetic analysis using the neighborjoining method. According to the results of phylogenetic analysis ( Fig. 1 (Fig. 2 ).
There were 11 sequences that did not match known CRFs, and these were classified as URFs (44.0%). The most common putative recombinants between URFs were CRF01_AE gag /B pol/env , which were found in four cases. CRF01_AE was more frequently observed among viruses with discordant genotypes than was subtype B. This was also the case for the single CRF07_BC pol/env sequence, which was CRF01_AE in gag ( Table 2) .
To better understand the genetic relationship of the identified genetic forms in our study with HIV-1 prevalent in the general population, we further performed phylogenic tree analysis using subtype B viruses identified in our study as well as reference strains in the HIV-1 database. The selected subtype B reference strains (n ϭ 324) were identified from 32 countries worldwide (tree not shown). The results showed that HIV-1 subtype B in HIV-positive MSM could be sorted into three to five clusters, although sequences of gag, env, and pol from one subject were not always sorted into one cluster. The different clusters related to reference strains from different geographic areas. Over 80% of subtype B viruses identified in our study population had a closer relationship to reference strains from Brazil and the United States (gag, CYM024  CYM039  CYM002  CYM030  CYM036  CYM025  CYM041  CYM006  CYM016  CYM038  CYM003  CYM018  CYM001  CYM034  CYM014  CYM022 CYM003  CYM018  CYM023  CYM031  CYM014  CYM022  CYM001  CYM034  CYM016  CYM040  CYM006  CYM025  CYM026  CYM036  CYM039  CYM030  CYM002  CYM024  CYM019  CYM041 A similar analysis was also performed for CRF01_AE viruses identified in our MSM population with 71 of CRF01_AE reference sequences from seven countries (tree not shown). The identified viruses also formed three to five clusters and the largest cluster (over 85% of the identified viruses) showed a closer connection to reference strains from Thailand including 01AE.TH.90.CM240 (gag), 01AE.TH.04.BKM (env), and, 01AE.TH.02.OUR769I (pol), as well as three reference sequences from China: 01AE.CN.04.04CNLN76 (gag) and 01AE.CN.06. FJ051 and FJ064 (env) from Liaoning and Fujian provinces.
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Genetic distances of the distribution of HIV-1 subtypes among MSM
Pair genetic distances of intrasubtypes were calculated for gag, env, and pol sequences by phylogenetic tree analysis us- ing the Kimura two-parameter model of MEGA version 3.1. The mean of the genetic distance of the gag region was 5.2 Ϯ 2.6% (ranging from 0.2% to 10.7%) within subtype B group, which was larger than that (2.9 Ϯ 2.1%, ranging from 0% to 7.9%) within the CRF01_AE group (p Ͻ 0.0001). A similar trend was observed in the pol region, with the mean of the genetic distance being 3.9 Ϯ 1.3% (ranging from 0.1% to 6.5%) within the subtype B group and 2.5 Ϯ 1.0% (ranging from 0.2% to 4.6%) within the CRF01_AE group, respectively (p Ͻ 0.0001). For the env region, the diversity was enlarged with greater genetic distance: 13.5 Ϯ 5.4% (ranging from 3.0% to 27.7%) within the subtype B group and 8.9 Ϯ 3.5% (ranging from 0% to 17.0%) within the CRF01_AE group, respectively (p Ͻ 0.0001).
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Characteristics of MSM-infected different genetic forms of HIV-1
In order to explore the epidemiological and behavioal factors associated with the diversity of HIV-1 strains prevalent among the MSM population, we designed a comprehensive questionnaire and conducted the survey in a private manner. Among MSM infected with subtype B, the median of HIV-infected time was 6.5 months (range 0.5-53 months), and 33.3% had more than 11 sexual partners in their lifetime. Some of them had sex with foreigners (22.2%) and women (44.4%), and the majority (61.1%) engaged in both insertive and receptive anal intercourse. However, MSM infected with non-B subtypes were homosexually oriented (84.6%) with a shorter average time (median, 5 months; ranging from 1 to 65 months) to acquire the HIV-1 non-B subtype virus. They preferred receptive anal intercourse (46.2%) with multiple male sexual partners (69.2%) compared to those infected with HIV-1 subtype B virus (16.7%, 33.3%, respectively) ( Table 1 ). The subject (CYM027) infected with HIV-1 CRF07_BC denied the high-risk use of intravenous drugs in the survey. However, he had lived in Yunnan province, a well-known place for HIV-1 CRF07_BC-infected IDUs, and had heterosexual activities according to his self-report.
Discussion
In China, there may be as many as 18 million (10.18-25.45 million,accounted for 10-15% of the entire male population of mainland China) gay and male bisexuals. 14 MSM often engage in high-risk behaviors for HIV-1 infection such as unprotected sexual activities, commercial sexual activities, and bisexual activities with multiple sexual partners. [15] [16] [17] Restricted by political and cultural elements, by custom, and by traditional values concerning family and marriage, many MSM in China eventually get married and have children and conceal their homosexuality from society and their families. MSM has become one of the highest risk groups for HIV infection and transmission in China. 7, 17 The Chinese Molecular Epidemiology Study was initiated in 1996. The last nationwide survey (2002) (2003) (2004) ) covered the HIV-1-infected population including IDUs, former plasma donors (FPDs), and patients who acquired HIV-1 from heterosexual transmission. The data indicated that the dominant genetic forms of HIV-1 changed from subtype B (primary in FPDs) to CRF01_AE (heterosexual transmission) and CRF07/08_ BC (primary in IDUs). [4] [5] [6] In contrast, knowledge about the molecular epidemiology of HIV-1 among MSM in China was limited.
Our study results evidenced significant changes of HIV-1 genetic forms among the MSM population in China. HIV-1 subtype B accounted for 41.9% in our study, which previously was dominant in HIV-positive MSM in China [9] [10] and is still dominant in developed areas such as North America, Western Europe, and Australia. 18, 19 In addition, non-B subtypes became predominant (58.1%), and the majority of HIV-1 non-B subtype viruses were CRF01_AE (52%), which was usually transmitted through heterosexual activities in Southeast Asia and Chinese southeast coast provinces, 20 and was identified among Chinese HIV-infected MSM in 2005. Identification of CRF07_BC among the MSM studied further increased the genetic complexity of HIV-1 strains, which mainly circulated among IDUs in Northwest and Southwest China. 21, 22 The primary recombinant of URFs was CRF01_AE with subtype B; in addition, one case was CRF01_AE gag /CRF07_BC pol/env ( Table 2 ). All this suggested that the MSM cohort studied must have had interactions with other high-risk populations for HIV infection. A similar trend was observed among the MSM population worldwide, with subtype D in South Africa, 23 subtype F in Colombia, 24 and CRF12-BF and recombinants of B, C, and F in Argentina. 25 It is curious to think about the power driving such genetic complexity of HIV-1 strains among MSM in China. Is it caused by genetic evolution from a single founder virus or by multiple viruses introduced at different time points? First, we calculated the genetic distances of intra-/inter-HIV subtype B and CRF01_AE, respectively, and found that the ge- The differences in genetic distances among the gag, env, and pol gene regions intrasubtype B were also significantly different (p Ͻ 0.0001). However, within CRF01_AE, the significant differences for genetic distance were observed only between env and gag or pol (p Ͻ 0.0001).
netic distance within subtype B group viruses was larger than that within the CRF01_AE group (Fig. 3 , p Ͻ 0.001). Second, the genetic distance in the env region was 8.9% in the MSM population, which was comparable to that among the heterosexually transmitted population in Fujian (9.3%) but higher than that in Thailand (5.6%). However, the mean genetic distance of gag and pol within the MSM CRF01_AE group (2.9%, 2.5%) was significantly lower than that within the CRF01_AE virus prevalent in Thailand (4.2%, 3.2%) and the Chinese heterosexual population (6.3%, 5.3%). 20 Third, epidemiological data also suggested that the HIV-1 subtype B viruses (in 1992) 9 Taken together, we suspected that the genetic complexity of HIV-1 viruses identified in Chinese MSM populations was more likely a result of the multiple introduction of viruses from the general population infected with HIV-1 through IDU use or heterosexual transmission, but not from a founder virus. Genetic diversity presents a great challenge for the current surveillance system; current monitoring technology needs to be improved to be able to predict future HIV-1 strains within high-risk populations including MSM.
Sequence Data
The nucleotide sequences shown in the present study have been submitted to GenBank with the following accession numbers: the gag region sequences EU921908-EU921951; the pol region sequences EU921952-EU921987; and the env region sequences EU921988-EU922028.
